Chronic exposure to opiates eventually leads to drug addiction, which is believed to involve maladaptive changes in brain function, but the underlying neuronal mechanisms remain primarily unknown. Given the known effects of opiates such as morphine and heroin on hippocampal function, we investigated the potential effect of chronic opiate treatment on long-term potentiation (LTP) at CA1 synapses in rat hippocampus, a leading experimental model for studying synaptic plasticity. Our results revealed that chronic exposure of rats to morphine or heroin, which induced severe drug tolerance and dependence, markedly reduced the capacity of hippocampal CA1 LTP during the period of drug withdrawal (from ϳ190% in control to ϳ120%). More interestingly, the capacity of LTP could be restored to the normal level by re-exposure of the animals to opiates, indicating that the synaptic function was already adapted to opiates. Morris water maze test, which measures behavioral consequences of synaptic plasticity, showed parallel learning deficits after chronic exposure to opiates. Moreover, the opiate-reduced LTP could also be restored by inhibitors of cAMP-dependent protein kinase A (PKA), suggesting that upregulation of cAMP pathway was likely one of the underlying mechanisms of the observed phenomena. These findings demonstrated that chronic opiate treatment can significantly modulate synaptic plasticity in the hippocampus, leading to an opiate dependence of the plasticity.
Opiate addiction, which is defined as tolerance to and dependence on the drugs of abuse (O'Brien, 1997) , has been increasingly considered as a neuropsychiatric disorder (Leshner, 1997; Robbins and Everitt, 1999) . Accumulating evidences have revealed that long-term exposure to opiates, e.g., morphine and heroin, can significantly alter brain function (Nestler and Aghajanian, 1997; Eisch et al., 2000; Kelley et al., 2000) , resulting in the development of the tolerance and dependence of opiates. However, the underlying neuropathological mechanisms for opiate addiction are poorly understood, in comparison to our understanding of their analgesic effects.
Synaptic plasticity has been thought to play a critical role in brain function. Long-term potentiation (LTP), a leading experimental model for measuring activity-dependent synaptic plasticity, has received considerable attention as a possible neural mechanism underling learning and memory (Bliss and Collingridge, 1993; Malenka and Nicoll, 1999) . Recently, it has been proposed that drug addiction is an aberrant form of learning, mediated by maladaptive recruitment of certain memory systems in the brain (Robbins and Everitt, 1999) . Chronic exposure to opiates can result in cognitive deficits, as shown by poor performances on memory task of heroin users, compared with controls (Guerra et al., 1987) . Long-term administration of morphine or heroin decrease neurogenesis in the adult rat hippocampus (Eisch et al., 2000) . Moreover, studies from many laboratories, including ours, have shown that molecules critical for hippocampal LTP, e.g., NMDA/AMPA subtypes of glutamate receptors and calciumcalmodulin-dependent kinase II (CaMKII) Woolf and Salter, 2000) , are also essential for the development of opiate tolerance and dependence (Trujillo and Akil, 1991; Nestler and Aghajanian, 1997; Fan et al., 1999; Lou et al., 1999) . These findings suggest that chronic use of opiates may lead to some maladaptive changes in hippocampal plasticity. In the present study, we demonstrated that chronic exposure to opiates functionally altered the capacity of rat hippocampal LTP and resulted in an opiate dependence of LTP.
MATERIALS AND METHODS
Animals and chronic dail y opiate treatment. Male Sprague Dawley (200 -250 gm) rats were obtained from the Laboratory Animal C enter, Chinese Academy of Sciences (Shanghai, China). Rats were housed in groups and maintained on a 12 hr light /dark cycle with food and water available ad libitum. All animal treatments were strictly in accordance with the National Institutes of Health Guide for the C are and Use of Laboratory Animals. Animals were chronically treated by subcutaneous injection of morphine (10 mg / kg) or heroin (1 mg / kg) twice per day at 12 hr intervals for 10 d as described (Trujillo and Akil, 1991; Fan et al., 1999) . Control rats were treated similarly, except that normal saline (NS) was used.
Electrode implantation and electrophysiolog ical recording in vivo. Electrode implantation in male Sprague Dawley rats (200 -250 gm) was undertaken as previously described (Doyle et al., 1996; Xu et al., 1997) . Recording was performed either under urethane (1.3 gm / kg, i.p.) anesthetization or 2 weeks later in freely moving rats after their recovery from surgery. Three stainless steel screws (1.0 mm diameter) were inserted into the skull through a drill hole without piercing the dura. One served as a ground electrode (7 mm posterior to bregma and 5 mm left of the midline), another acted as an anchor (opposite the ground screw, 7 mm posterior to bregma and 5 mm right of the midline), and the third served as the reference electrode (8 mm anterior to bregma and 1 mm left of the midline). Recording and stimulating electrodes were made by gluing together a pair of twisted Teflon-coated platinum (90%)-iridium (10%) wire (50 m inner diameter, 75 m outer diameter). Recordings of field EPSPs (fEPSPs) were made from the CA1 stratum radiatum of the right hippocampal hemisphere in response to stimulation of the Schaffer collateral -commissural pathway. The recording electrode was inserted 3.4 mm posterior to bregma and 2.5 mm right of the midline, and the stimulating electrode was inserted 4.2 mm posterior to bregma and 3.8 mm right of the midline. The dura mater was pierced, and the electrodes were lowered slowly through the cortex and the upper layers of the hippocampus into the CA1 region until the appearance of a negativedeflecting EPSP. For the recording on freely moving rats, the electrodes then were fixed in place with cyanoacrylate glue and acrylic dental cement. The right placement of the electrodes in the stratum radiatum of the CA1 region of the dorsal hippocampus was verified by postmortem examination.
In all experiments, test fEPSPs were evoked by stimulating with a square-wave constant current pulse of 50 sec duration at a frequency of 0.033 Hz. At the beginning of each experiment, input-output curves were generated to determine the maximal fEPSP slope, and then the intensity of stimulus was set at a level that evoked an fEPSP slope of 55-65% of the maximum. The slope of fEPSP was measured and averaged every 3 min. LTP was induced by high-frequency stimulation using 20 pulses at 200 Hz, repeated three times at a 30 sec interval. All recording and stimulation was performed using an on-line computerized oscilloscope -stimulator and data analysis interface system. Statistical comparisons between baseline and post-stimulation values were made using Student's t test. Values are mean percentage of the baseline fEPSP amplitude Ϯ SEM.
Hippocampal slice preparation. We prepared hippocampal slices as described (Nishiyama et al., 2000) . Dissection was performed using ice-cold artificial C SF (AC SF, gassed with 95% O 2 and 5% C O 2 ) containing (in mM): 124 NaC l, 1.25 NaH 2 PO 4 , 2 KC l, 1.3 MgC l 2 , 2 CaCl 2 , 26 NaHC O 3 , and 10 glucose. A block of hippocampus was removed and sectioned into 400-m-thick slices using a vibratome. The slices were maintained in an incubation chamber for at least 1 hr at room temperature. For experiments, individual slices were transferred to a submerged recording chamber and perf used continuously with AC SF at a rate of 3-4 ml /min. The temperature in the recording chamber was 31 Ϯ 0.5°C.
E xtracellular recordings on slices. E xtracellular recordings on brain slices were performed as described (Silva et al., 1992) . A bipolar electrode was used to stimulate Schaffer collateral -commissural afferents. fEPSPs were measured extracellularly with an electrode filled with 150 mM NaC l in CA1 stratum radiatum. Stimulation parameters consisted of a square-wave constant current pulse of 50 sec duration. Stimulusresponse curves were performed at the beginning of each experiment, and pulses at an intensity eliciting ϳ50% of a maximum slope was used. The averaged fEPSP slope was calculated and averaged every 3 min. After baseline synaptic responses had been stable for at least 15 min, tetanic stimulation consisted of three trains of 20 pulses at 200 Hz with the intertrain interval of 30 sec was delivered. Data in the graphs are presented as the mean Ϯ SEM.
W hole-cell recordings on slices. Whole-cell perforated-patch recordings were made as described (Selig et al., 1999) . C ells were visualized with an upright microscope using infrared illumination. Patch electrodes (1-2 M⍀) were pulled from borosilicate glass (1.6 mm optical density) and filled with intracellular solution containing (in mM): 130 C sMeSO 3 , 8.0 NaC l, 10 H EPES, and 0.2 EGTA, pH 7.2, with C sOH (290 -300 mOsm). Amphotericin B (1.2 mg /ml; C albiochem, La Jolla, CA) dissolved in DMSO (0.6% final concentration) was added to this solution, triturated, and used to backfill pipettes. EPSC s were recorded in CA1 pyramidal cells while stimulating the Schaffer collateral -commissural afferents. C ells were voltage clamped at Ϫ60 mV, and experiments were begun only after the access resistance had stabilized (typically 12-20 M⍀). Slices were stimulated every 30 sec. The amplitude of the EPSC s was taken as the peak of the inward current. Only data with initial EPSC amplitude Ͼ70 pA were considered. Data were amplified with an Axopatch 2B amplifier (Axon Instruments, Foster C ity, CA), filtered at 2 kHz, and digitized at 10 kHz. LTP was induced by pairing 120 stimuli at 1 Hz while voltage clamping the postsynaptic cell at ϩ10 mV. Data in the graphs are presented as the mean Ϯ SEM.
Morris water maze test. Morris water maze test was performed as described (Morris et al., 1986; Z hou et al., 1999) . A circular, black painted pool (150 cm diameter, 68 cm height) filled to a depth of 35 cm with water was used. The water was maintained at 20 Ϯ 1°C and made opaque by the addition of 20 ml of Indian ink. The pool was divided into four quadrants with four starting locations called north (N), east (E), south (S), and west (W) at equal distance on the rim. An invisible black platform (10 cm diameter) was submerged 1.5 cm below the water line and placed in the center of the northeast quadrant. Rats were chronically treated with morphine for 10 d as described above, trained, and tested in Morris water maze for subsequent 5 d during which 10 mg / kg morphine was still injected at 12 hr intervals to maintain the chronic drug treatment. The rats were trained, either 2 hr before or 1 hr after the second daily injection of morphine, in the water maze to find and escape onto the hidden platform with a 120 sec cutoff time. Each rat was gently placed into the water, with the nose pointing toward the wall at one of the starting points. The escape latency, the time required for the rats to climb onto the platform, was recorded as the average of four trials. The searching patterns of animals were also recorded when the platform was removed from the pool or visible above water on the day 6. ANOVA was used for statistical comparisons, and p Ͻ 0.05 was accepted as significant.
Protein k inase activit y assay. PK A activity was determined essentially according to the method described by L ou and Pei (1997). Animals were rapidly decapitated, and hippocampi were dissected rapidly and homogenized on ice in homogenization buffer (25 mM Tris-HC l, 1 mM EDTA, 1 mM DTT, and 100 M leupeptin). The homogenate was centrif uged at 20,000 ϫ g for 5 min at 4°C. The resulting supernatant was assayed for PK A activity using PepTag nonradioactive PK A assay kit (Promega, Madison, W I) as described in Promega Technical Bulletin. All reaction components were added on ice in a final volume of 25 l of the following mixture: 5 l of PepTag PK A reaction buffer, 5 l of PepTag A1 Peptide (0.4 g/l), 5 l of cAMP (5 M), and 5 l of sample homogenate. The mixture was incubating for 30 min at 30°C. Then, the reaction was stopped by placing the tube in a boiling water bath for 10 min, and the samples were loaded onto the gel for electrophoresis. Before loading samples, 1 l of 80% glycerol was added to the sample to ensure that it remained in the well. PK A-specific peptide substrate used in this experiment was PepTagA1 Peptide, L -R-R-A-S-L -G (kemptide). The assay was based on the changes in the net charge of the fluorescent PK A substrates before and after phosphorylation. This change allowed the phosphorylated and unphosphorylated versions of the substrate to be rapidly separated on an agarose gel at neutral pH. The phosphorylated species migrated toward the positive electrode, whereas the nonphosphorylated substrate migrated toward the negative electrode. The intensity of fluorescence of phosphorylated peptides, which reflected the activity of PK A, was quantified using a bioimaging system (Syngene, C ambridge, UK). Data in the graphs are presented as the mean Ϯ SEM.
RESULTS

Reduction of LTP after chronic opiate treatments
In the present study, we first examined the effect of chronic treatment of morphine on hippocampal LTP by in vivo extracellular recording at CA1 synapses in freely moving rats. Before morphine treatment, high-frequency stimulation of the Schaffer collateral-commissural inputs to CA1 pyramidal cells resulted in Figure 2 . Significant reduction of hippocampal LTP by chronic opiate treatment in anesthetized rats. A, Hippocampal LTP was determined 12 hr after the termination of chronic treatment (subcutaneously, twice per day for 10 d) of normal saline (NS), 10 mg/kg morphine (Mor), or 1 mg/kg heroin (Her) as indicated (n ϭ 7-9 in each group). B, LTP was induced by repeated high-frequency stimulation in rats treated with NS (n ϭ 4) or morphine (n ϭ 5) for 10 d. Arrows indicate high-frequency stimulation.
Figure 3. Development and recovery of opiate-reduced LTP in hippocampus. A, Hippocampal LTP was recorded 12 hr after the termination of opiate treatment for 1, 5, and 10 d (n ϭ 6 in each group). B, Hippocampal LTP was recorded 6, 12, 24, 48, and 72 hr after the termination of 10 d chronic opiate treatment (n ϭ 6 -10 in each group). LTP was recorded using rats under anesthetization. The mean fEPSP amplitude at 30 min after LTP induction is shown. *p Ͻ 0.05; **p Ͻ 0.01 compared with NS control. a persistent increase (ϳ190% of baseline) (Fig. 1 A,C) in the slope of fEPSP, and the increase lasted for at least 4 hr, which was consistent with a previous report (Xu et al., 1997) . For chronic opiate treatment, rats were subcutaneously injected with 10 mg/kg morphine or 1 mg/kg heroin twice per day for 10 d, a procedure known to produce significant tolerance and dependence to the drugs (Trujillo and Akil, 1991; Fan et al., 1999) . The capacity of LTP measured 12 hr after the termination of 10 d morphine treatment was greatly reduced (from ϳ190% to ϳ120% of baseline), compared with that recorded before the treatment for the same group of rats ( Fig. 1 A-D) . Significant reduction of LTP was also observed in the animals after 10 d exposure to heroin (Fig. 1 E-H ) . In contrast, the control rats injected with NS for 10 d showed no reduction of LTP under the same conditions (Fig. 1C,D) .
In a separate series of experiments, the opiate-treated rats were urethane-anesthetized and inserted with the electrodes to perform fEPSP recording, which would minimize the influence of stress induced by surgery treatment or environmental stimulation. The profound reduction of LTP was also recorded 12 hr after the termination of opiate treatment, as observed in the freely moving rats (from ϳ190% to ϳ130% of baseline) when compared with the control rats injected with NS (Fig. 2 A) .
To further elucidate the cause of the apparent reduction in the capacity of LTP by chronic opiate treatment, we examined the extent of LTP produced by repeated application of tetanic stimulation, as shown in Figure 2 B. Repeated tetanic stimulation induced LTP in control animals (receiving 10 d of NS) to a saturated level much higher than that of chronic morphinetreated rats (for 10 d). This indicates that there is indeed a reduction of capacity in chronic drug-treated rats in generating LTP, rather than a reduction of efficiency in the LTP induction.
Since development of opiate tolerance and dependence is well known to depend on repeated exposure to opiates (Nestler and Aghajanian, 1997) , whether the reduction of LTP also requires the chronic use of opiates was further tested. As shown in Figure  3A , a single injection of morphine or heroin had no significant effect on hippocampal LTP, a result consistent with that of an earlier report (Stringer et al., 1983) . In contrast, LTP was significantly reduced in rats after 5 d of daily treatment with opiates, and the reduction seemed to reach a plateau level after 10 d (data for Ͼ10 d not shown). The reduction of hippocampal LTP by opiates appeared in a time-dependent manner: the magnitude of induced LTP was significantly reduced 6, 12, and 18 hr after the termination of 10 d opiate treatment, during the period of drug withdrawal. The hippocampal LTP recorded 12 hr after the termination of chronic treatment was apparently reduced to the lowest level, therefore it was chosen as the standard time point in this study. The reduction of LTP by chronic opiate treatment was reversible and was gradually recovered to an apparent normal level ϳ24 hr after the termination of chronic drug treatment (Fig. 3B) .
Restoration of hippocampal LTP by re-exposure to opiates
When opiate dependence is developed, the neural systems adapt to the repeated drug exposure and only function normally in the presence of the drug (Koob and Moal, 1997) . Therefore, we further examined whether the capacity of LTP can be influenced by opiate re-exposure. It was found that a single injection (10 mg/kg, s.c.; 30 min before LTP induction) of morphine or heroin at 12 hr after the termination of chronic opiate treatment could indeed restore the capacity of LTP to the normal level in either freely moving (Fig. 4 A,B) or anesthetized rats (Fig. 4C,D) . The restoration of LTP by morphine could be blocked by NMDA receptor antagonist MK-801 (Fig. 4C) , suggesting that the rescued LTP in chronic drug exposure animals shares the same underlying mechanism of NMDA receptor dependence as the LTP at normal conditions in control animals. Similar results of opiate-facilitated recovery of LTP were also observed when mor- phine or heroin was administrated intracerebroventricularly (data not shown).
The reduction of hippocampal LTP by chronic opiate treatment and subsequent restoration of the capacity of LTP by re-exposure to opiates were also confirmed using extracellular recording in rat hippocampal slices (Fig. 5) . Although the restoration effect of morphine on the reduced capacity of LTP in vitro was not as robust as that found in vivo, it demonstrated that the restoration by morphine was attributable at least in part to its direct effect on the hippocampus. We also tested the effect of bicuculline (10 M), a GABA A receptor antagonist, on the reduced LTP in brain slices from chronic morphine-treated animals, and no significant difference in LTP was observed in the presence of bicuculline as compared with the control group (Fig. 5 ). This result indicated that changes of GABAergic activity appear not be involved in the opiate-induced reduction of LTP.
Extracellular fEPSP recording reveals synaptic properties of large populations of neurons. We next investigated the capacity of LTP at the single cell level by pairing depolarization of a single pyramidal neuron with low-frequency presynaptic stimulation, which produces robust LTP in this system. As shown in Figure 6 , the reduction of LTP after 10 d opiate treatment was further confirmed, and the capacity of LTP could also be restored by acute exposure of the chronic drug-treated animals to morphine (10 mg/kg; 30 min before killing). These results may avoid the complexity of the postsynaptic processes during tetanus-induced LTP (Chen et al., 1999) , and further confirmed that LTP was indeed modified in the animals after chronic drug treatment.
Behavioral tests of spatial learning
It has been shown that blockade or saturation of hippocampal LTP in animals can modulate the synaptic plasticity, as measured by Morris water maze test (Morris et al., 1986; Moser et al., 1998; Riedel et al., 1999) . The functional consequences of LTP reduction by chronic opiate treatment (10 d morphine) were thus tested Figure 5 . Reduction and restoration of LTP in slices of chronic morphine-treated animals from extracellular recording. Rats were chronically subcutaneously treated with normal saline (NS) or morphine (Mor) for 10 d as above. Slices were prepared 9 hr after the last opiate injection and incubated in ACSF with vehicle (NS), morphine (Mor; 5 M), or bicuculline (Bic; 10 M). fEPSP slopes were measured and averaged. LTP was induced by high-frequency stimulation; n ϭ 6 -8 in each group. Labels indicate chronic treatment-incubation. A, No significant difference was observed in LTP between slices from 10 d NS-treated animals incubated in normal ACSF (NS/NS) and ACSF with morphine (NS/Mor). B, LTP of slices from chronic opiate-treated rats (Mor/NS) was reduced compared with the slices from normal saline control (NS/NS) or from acute opiate incubation group (NS/Mor). Opiate incubation (Mor/Mor, morphine was added 30 min before tetanic stimulation and kept throughout the recording period) could partially restore the reduced capacity of LTP, whereas no change was seen after bicuculline incubation (Mor/Bic). Arrows indicate high-frequency stimulation. in Morris water maze in the rats 2 hr before (group 1) or 1 hr after (group 2) re-exposure to morphine. Results in the test to find the hidden platform on the fifth training day (Fig. 7A) revealed that the rats in group 1 whose hippocampal LTP was severely reduced exhibited poorer performances compared with the rats in control group (group 3, treated with NS throughout). However, the rats in group 2, whose capacity of LTP had been restored to a normal level by re-exposure to morphine, showed nearly normal performances compared with rats in group 3 (Fig.  7A ). In the test in which the platform was removed and the time for the rats to swim in the platform quadrant was recorded, rats in group 1 showed impaired, whereas group 2 showed normal performances compared with the control group (Fig. 7B,C) . However, all three groups of rats performed similarly when the platform was visible (Fig. 7D) , indicating that their swimming ability and visual discrimination for performing the task were not affected by the opiate treatment.
The role of PKA pathway
Stimulation of opioid receptors, which are coupled to inhibitory G-proteins, is known to inhibit both the cAMP formation and the PKA activation (Childers 1991; Chalecka-Franaszek et al., 2000) . After chronic suppression by opiate stimulation, the cAMP system significantly rebounds (Koob et al., 1998; Bohn et al., 2000) . This upregulation of cAMP pathway in the rewarding system, e.g., nucleus accumbens, ventral tegmental area, and periaqueductal gray is a well known biochemical adaptation that correlates with chronic opiate exposure (Nestler and Aghajanian, 1997) . However, whether PKA activity is modulated in hippocampus after chronic opiate treatment remains unknown. In the present study, we found that the PKA activity in rat hippocampus was significantly increased after 10 d morphine treatment as compared with saline control group (Fig. 8 A) . Furthermore, reexposure to opiate reduced the upregulated PKA activity to the normal level in saline control group (Fig. 8 A) . Finally, application of H89 or H7, inhibitors of PKA, was found to restore the capacity of LTP, mimicking the effect of morphine readministration (Fig. 8 B,C) . Similar to morphine, the LTP rescued by the specific PKA inhibitor H89 was blocked by NMDA receptor antagonist MK-801 (Fig. 8 B) . In contrast to PKA inhibitors, a specific inhibitor of protein kinase C, Gö6976 could not restore the capacity of LTP under the same conditions (Fig. 8C) . Thus, our results suggested that upregulation of the cAMP pathway in hippocampus might be a possible molecular mechanism underlying the suppression of LTP by chronic opiate treatment.
DISCUSSION
Studies on opiate addiction have been focused on some brain regions such as prefrontal cortex, nucleus accumbens, ventral tegmental area, and striatum, which are generally thought to be major components of the rewarding system (Punch et al., 1997; Robbins and Everitt, 1999) . Hippocampus plays a key role in information encoding and retrieving in the CNS. It expresses opioid receptors widely (Tempel and Zukin, 1987; Mansour et al., 1995; Madamba et al., 1999; Svoboda et al., 1999) , but the potential effects of chronic use of opiates on the function of hippocampus are poorly understood. Recent reports suggest that hippocampus is critical in the rewarding response (Nestler, 2001 ) and drug-seeking behavior (Vorel et al., 2001) . The current study further demonstrates that LTP of hippocampus is significantly altered by the long-term administration of morphine or heroin, indicating alteration in the function of hippocampus after chronic opiate exposure.
As a kind of brain disease, drug addiction has been considered as a neuronal adaptation with the altered functions of neuronal circuits, including changes in neuronal plasticity (Nestler and Aghajanian, 1997; Zhang et al., 1998; Robbins and Everitt, 1999) . Here we provide the direct experimental evidence that after chronic opiate treatment the capacity of LTP in hippocampus was significantly reduced during drug withdrawal, indicating that opiates indeed induce changes in neuronal plasticity. More interestingly, the reduced capacity of LTP could be restored by re-exposure of the animals to opiates, revealing that the hippocampal plasticity becomes opiate-dependent after chronic opiate treatment. In other words, the hippocampal function has been adapted to the presence of opiates. Furthermore, such opiateinduced conditional dependence of neuronal plasticity is likely to take place in other brain regions in view of the wide occurrence of LTP and the extensive expression of opioid receptors throughout the mammalian brain (Mansour et al., 1995) .
Morris water maze task has been established as a useful behavioral test for the spatial learning associated with the hippocampal function. Previous reports have shown that blockade of LTP or saturation of LTP in hippocampus of rats can impair their performances in Morris water maze test (Morris et al., 1986; Moser et al., 1998; Riedel et al., 1999) , whereas enhancement of the capacity of hippocampal LTP increases their performances (Tang et al., 1999) . Our results demonstrated that the chronic use of opiates led to impairment of their performances in Morris water maze test, in parallel with a reduction of hippocampal LTP, whereas re-exposure of animals to opiates restored both of the capacity of LTP and the performances in the water maze test. These results thus suggest that opiate-induced modulation of LTP may be functionally relevant to some of the abnormal behaviors in chronic opiate-treated animals.
PKA has been shown to be a critical element in hippocampal CA1 LTP (Blitzer et al., 1995) by modulating activity of AMPA receptors and CaMKII (Roche et al., 1996; Blitzer et al., 1998) , the key components of the molecular machinery of CA1 LTP (Silva et al., 1992; Malenka and Nicoll, 1999; Lee et al., 2000) . Recently, there is further evidence showing that upregulation of PKA activity by application of forskolin, an adenylate cyclase activator, induces a long-lasting synaptic potentiation and completely blocks the induction of LTP in amygdala (Huang and Kandel, 1998) . This is reminiscent of the finding that expression of a constitutively active form of CaMKII, which increases postsynaptic activity of CaMKII, can effectively block the LTP (Pettit et al., 1994) . It has been widely reported that chronic opiate exposure leads to upregulation of cAMP pathway in brain regions such as locus coeruleus, nucleus accumbens, and ventral tegmental area (Terwilliger et al., 1991; Bonci and Williams, Figure 8 . Upregulation of PKA activity and restoration of reduced LTP in chronic morphine-treated rats by PKA inhibitors. A, Hippocampal PKA activity was tested in chronic saline or morphine (10 mg/kg)-treated rats (subcutaneously for 10 d). Twelve hours after the termination of chronic drug treatment, rats were injected with normal saline (NS, white bars) or 10 mg/kg morphine (Mor, black bars), then hippocampal region was obtained 30 min after injection. Data represent the mean Ϯ SEM of three independent experiments. B, Administration of PKA inhibitor H-89 4 (0.5 mM; 2 l, i.c.v) restored the capacity of LTP in chronic morphinetreated rats (10 mg/kg, s.c. for 10 d), which mimicked the effect of opiate readministration. NMDA receptor antagonist MK-801 (3 mg/kg, i.p.) blocked the restoration of LTP by H-89. C, Morphine (Mor, 1 mM; 2 l, i.c.v,) and PKA inhibitors (2 l, i.c.v) H-89 (0.5 mM) or H-7 (10 mM) but not PKC inhibitor Gö 6976 (0.1 mM; 2 l, i.c.v) restored the reduced LTP in chronic morphine-treated rats. In vivo recording was performed on anesthetized rats. The mean fEPSP amplitude at 30 min after LTP induction is shown. *p Ͻ 0.05 compared with NS control (2 l, i.c.v); n ϭ 4 -6 in each group. 1997; Punch et al., 1997) . In the present study, we demonstrated that the chronic morphine treatment could lead to the upregulation of PKA activity also in rat hippocampus, which was consistent with the previous studies. Furthermore, our study showed that the blockade of the upregulated PKA activity is sufficient to mimic the effect of morphine in restoring the capacity of hippocampal LTP in chronic morphine-treated rats. Taken together, it seems that the activity of PKA may play a dual role in modulation of the hippocampal LTP: at the normal level to maintain LTP, and at the overactivated level to saturate LTP via phosphorylation of AMPA receptors or upregulation of CaMKII activity, thus blocking further induction of LTP. That is, in chronic opiate-treated animals, upregulation of cAMP pathway would become fully functional after removal of the opiate (Nestler and Aghajanian, 1997) , and the overactivated PKA thus plays a role of inhibiting the capacity of LTP, whereas, the capacity of LTP may then be restored when the overactivity of PKA in CA1 pyramidal neurons is suppressed by re-exposure to opiates or by application of its inhibitors. Therefore, upregulation of cAMP pathway appears to be responsible for the reduction of hippocampal LTP after the chronic opiate exposure, and suppression of high PKA activity by opiate may account for the restoration of LTP.
